We developed the self-assembly of epitaxial submicrometer-sized face-centered-cubic (fcc) Co(111) dots using pulsed laser deposition. The dots display atomically-flat facets, from which the ratios of surface and interface energies for fcc Co are deduced. Zero-field magnetic structures are investigated with magnetic force and lorentz microscopies, revealing vortex-based flux-closure patterns. A good agreement is found with micromagnetic simulations.
I. INTRODUCTION
Physical and chemical properties are often significantly changed in low-dimensional systems, compared with materials in their bulk form. Top-down techniques based on the combination of lithography and thin-film deposition are the major approach for producing low-dimensional structures, because of the nearly unlimited freedom for designing planer shapes. Top-down techniques however reach their limits when it comes to producing complex three-dimensional systems, or features with very small sizes. For such purposes bottom-up synthesis routes, also called self-assembly, are more effective and their use has been constantly rising in the past one or two decades. Dramatic achievements have been made in both directions, with for instance porous templates such as the case of anodic alumina [1] [2] [3] [4] or programmable architecture based on matching DNA strands [5] for complex nonflat architectures, and the fabrication of supported clusters with a size controlled down to one single atom [6] .
In the field of magnetism, the use of self-assembly for its ability to produce tiny structures has brought many breakthroughs [7] [8] [9] such as: giant orbital moment and magnetic anisotropy energy at surfaces of itinerant ferromagnets [6] , ferromagnetism of small Rh clusters while its bulk form is non-magnetic [10] ; manipulation through electric field of the magnetic order such as antiferromagnetic Fe [11] ; nanometers-sized ferromagnetic columns embedded in a non-magnetic matrix [12, 13] , synthesis of artificial multiferroic metamaterials [14] . Concerning thick or even three-dimensional structures, self-assembly has been used to produce assemblies of nanowires in porous membranes [15, 16] , clusters and elongated objects through chemistry [17] , and dots and wires at surfaces by physical means based on dewetting processes [18] [19] [20] [21] [22] . The typical dimensions of such objects range from a few nanometers to a few hundreds of nanometers. At this scale one physical issue is micro- * Olivier.Fruchart@grenoble.cnrs.fr † Present address: CEMES, 29 rue Jeanne Marvig, 31055 Toulouse, France magnetism (magnetization reversal and the arrangement of domains), self-assembly providing a model system. We reported a series of micromagnetic studies based on self-assembled sub-micrometer-sized epitaxial Fe(110) dots deposited on W(110) and Mo(110) surfaces [22] . These dots are elongated owing to the (110) symmetry, and may thus display a domain wall along its length [23, 24] . These dots were thus used to observe [8] and manipulate [25, 26] the internal degrees of freedom of Bloch domain walls. The physics of magnetic vortices, the one-dimensional analogous of the two-dimensional domain walls, is also prone to a rich physics [27, 28] . This calls for the availability of self-assembled dots with a high rotational symmetry, suited for the occurrence of magnetic vortices.
Here we report the self-assembly of face-centered cubic (fcc) Co dots along the (111) orientation, with a lateral size of the order of a few hundreds of nanometers. Prior reports of self-assembled Co dots exist however with a rather flat shape and with a much smaller size so that facets cannot be identified and/or vortices do not form [29] [30] [31] . Larger dots were reported, however with no thorough magnetic characterization [32] . We first detail the growth procedure, then analyze the topography and facets of the dots, and finally examine their zero-field magnetization configuration, revealing the occurrence of a single magnetic vortex. Prior to this report, we used these dots to study the dimensionality cross-over between a magnetic domain wall and a magnetic vortex [33] .
Epitaxial growth was conducted using pulsed-laser deposition in a set of ultra-high vacuum chambers described elsewhere [22] . The laser is a doubled Nd-YAG (λ = 532 nm) with a pulse length of the order of 25 ns. Atomic force microscopy (AFM) and Magnetic force microscopy (MFM) were performed with a NT-MDT Ntegra microscope operated under atmospheric pressure, using either Asylum MFM probes based on AC240TS Olympus cantilevers, or ultrasharp SSS-PPP-MFMR probes from Nanosensors. The MFM signal consists of the phase, with the convention of dark (resp. bright) contrast indicative of attractive (resp. repulsive) forces. Lorentz Microscopy was performed on a FEI Titan 80-300 fitted with a Lorentz lens and a Gatan Imaging filter. The sample was prepared using mechanical polishing and ion milling. Magnetic information is gained in out-offocus conditions, where bright and dark Fresnel contrast arise from the overlapping (resp. spreading) of electrons experiencing different Lorentz forces in neighboring domains. Fresnel contrast thus highlights strong magnetization gradients, such as magnetic domain walls and vortices. Micromagnetic simulations were performed using feellgood, a home-built code based on the temporal integration of the Landau-Lifshitz-Gilbert equation in a finite element scheme, i.e. using tetrahedra to discretize the dots [34] . Only exchange and magnetostatic interactions were taken into account, to deal with the present case of magnetically-soft dots. The parameters for bulk cobalt were used: A = 3 × 10 −11 J/m and µ 0 M s = 1.7844 T. The tetrahedron size was 4 nm on the average, smaller than the dipolar exchange length of Co ∆ d = 5 nm.
II. GROWTH AND STRUCTURE
We start from a Sapphire (1120) wafer outgassed under UHV. All materials are then evaporated at a rate close to 1 Å/min. We first deposit 0.7 nm of Mo followed by 10 nm of W at 150
• C. A smooth and singlecrystalline W(110) surface results from annealing this stack at 900
• C [22] . Reflection high energy electron diffraction (RHEED) shows patterns with very narrow peaks perpendicular to the sample surface, indicating the good crystalline quality of this buffer layer (FIG. 1a) . Scanning tunneling microscopy confirms the flatness of the layer, displaying terraces of width several hundreds of nanometers.
Co is then deposited on this surface at 400
• C, with a nominal thickness of several nanometers. RHEED patterns are invariant upon rotation of the sample by 60
• , which hints at the occurrence of a growth direction either hexagonal (0001), or fcc (111). These directions of growth are expected as associated with the densest planes of Co, with a triangular symmetry nearly matching in symmetry and dimensions those of body-centered cubic W(110) [35] . The analysis of the RHEED inter-streak distances is consistent with such triangular planes for bulk Co. The absence of ≈ ±2.5
• twins is indicative of the Nishiyama-Wasserman epitaxial relationship [36, 37] , for which two sides of the hexagons in the Co planes are parallel to the short side of the rectangular surface lattice of W.
The most stable cristalline structure of bulk Co is hcp below 425
• C, and fcc above this temperature. Due to an elevated temperature and stress related to low dimensions, fcc Co is often found in nanostructures and thin films. The hcp, fcc and even bcc [38] lattices may be selected depending on the chemical nature and orientation of the supporting surface. Let us examine in further detail the RHEED patterns of the deposit to determine its cristalline structure in our case. While patterns along the azimuth W[110] (modulo 60
• ) display only streaks perpendicular to the sample surface, patterns for the • and 300
• (white).
beam azimuth along the W[001] direction display those streaks, plus a set of streaks tilted at several well-defined angles (FIG. 1b) . This hints at the occurrence of dots of large size, with a flat top and atomically-flat tilted facets [22] . The set of angles deduced from these patterns is consistent with those expected for low-Millerindex planes of a fcc crystal (see Annex for details, including FIG. 6). To the contrary (calculations not provided here), these angles canot be reproduced based on an hcp structure. This strongly suggests that Co grows with a fcc lattice. The epitaxial relationship is thus written: Co(111)//W(110). While the occurrence of the fcc phase is not surprising due first to the low dimension (usually favoring fcc Co), second to the fact that the stable form of Co at the growth temperature is fcc. Nevertheless, we will see in the magnetics part that in practice a very small fraction of dots also grows in the hcp structure. These facts are consistent with a report of the growth of Co at elevated temperature on Mg0(001), also yielding self-assembled dots mostly with an fcc structure, in that case with a (001) top facet, and a minority with an hcp structure [32] . Characterization in real space using AFM in shown in FIG. 1c. The density of the dots is of the order of 0.25 µm −1 . Like for the case of Fe(110) dots, this den-sity is mostly determined by temperature during deposition, while the thickness of the deposit affects primarily the volume of the dots. AFM confirms the smoothness of both the top surface and side facets. Figures for the tilt of the latter are consistent with those deduced from RHEED (FIG. 2) . The facet analysis (FIG. 1d) shows that the invariance upon rotation of 60
• results from the coexistence of two sets of dots, rotated with each other by 180
• . This twinned epitaxial relationship is expected and observed for the fcc(111)/bcc(110) Nishiyama-Wasserman epitaxy. FIG. 2 shows a sketch of a typical Co(111) dot resulting from RHEED and AFM data.
The shape of crystals at surfaces is determined by the Wulff-Kaishev construction [39] , stating that:
h i is the distance from the (possibly hypothetical) center of the crystal to a given set of crystallographic planes of the material (the facets), γ i is the free energy of facet i, γ S is that of the free surface of the substrate, γ int is the interfacial free energy [39] (defined as zero for a material in contact with itself), and h int is a distance related to the vertical aspect ratio of the supported crystal (FIG. 2a) . Thus ratios of surface and interface energies may be determined from the observed shape of a crystal. We consider as unknowns ∆γ = γ S − γ int , and the energy of the facets identified with RHEED and AFM: γ 111 , γ 110 and γ 100 . Notice that another choice instead of ∆γ would be to use the adhesion energy γ * = γ 111 + γ S − γ int [31] . Only ratios may be determined, which leaves three dimensionless unknowns. Three experimental geometrical ratios are required to determine these three figures, see appendix II. Based on the analysis of all dots on FIG. 1a we find ∆γ = (0.41 ± 0.11)γ 111 , γ 110 = (1.06 ± 0.04)γ 111 and γ 100 = (0.88 ± 0.07)γ 111 . The error figures stand for the standard deviation. The larger energy for {111} and {110} surfaces than for {100} surfaces is responsible for the triangular shape of our nanocrystals, with the former facets of smaller extent than the latter. Notice also the larger standard deviation for the value of ∆γ. This is consistent with the sensitivity of adhesion energy on adsorbates such as resulting from residual gas [22] . In the present case very flat fcc Co platelets may be obtained under poor vacuum conditions (FIG. 5a) .
Let us compare the above figures for surface energy with data from the literature. Some data were reported for hcp Co, while others pertain to fcc Co. Besides, experimental values are measured at elevated temperature while theoretical ones are often relevant for zero temperature. Thus, a quantitative comparison is difficult. If one were interested in absolute values, and assuming hcp (0001) and fcc (111) planes have similar surface energies, γ 111 ≈ 2.77 J/m 2 based on calculations [40] , while experiments suggest γ 111 ≈ 2.53 J/m 2 [41, 42] . However here we will cautiously restrict the discussion to energies nor- malized with γ 111 as a reference. There exists no prior quantitative discussion of fcc Co surface energies based on supported nanocrystals. Silly et al. [31] simply report the existence of both {111} and {100} facets for Co nanocrystals on SrTiO 3 (001), and Benamara et al. report {111}, {100} and {110} facets for fcc Co(001) dots self-assembled on MgO(001) [32] . It is often argued that surface energy increases for orientations with more open planes, so that we would expect γ 111 < γ 100 < γ 110 [43] . Ignoring all details in the anisotropy of the band structure, this is expected as long as non-magnetic materials are considered. However nonzero spin polarization modifies this picture and is for instance responsible for a dip in the magnitude of surface energy towards the center of the 3d series, i.e. for the strongest value of local moment [44] . A fine point is the following: as magnetic moments at surfaces are modified with respect to the bulk, in a manner that depends on the local coordination [45] and thus of the openness of this surface, the reduction of magnitude depends on the surface considered [46] . It is now recognized theoretically that this causes an anomaly in magnetic materials, where the densest place of atoms is not necessarily associated with the lowest surface energy: γ 001 < γ 110 for bcc Fe [40] , and γ 001 < γ 111 for fcc Co [44] . ∆γ = γ S − γ int is more difficult to discuss. First, γ S is not a value known a priori from bulk properties like γ i , as it is the surface energy of a monolayer of pseudomorphic Co wetting the W(110) surface. Second, γ int results not only from electronic contributions expected to be weak in the case of a Stranski-Krastanov growth mode, however also from strain energy related to the accommodation of lattice misfit between the two elements. Nevertheless, assuming γ S to be similar to γ 111 , provides a large value for the interfacial energy: γ int ≈ 0.6γ 111 , probably of primarily elastic origin.
III. MICROMAGNETIC CONFIGURATIONS
As fcc Co is a rather soft magnetic material, the critical single-domain size [47, 48] is a few times the dipolar exchange length, ∆ d ≈ 5 nm for Co. The dots considered here have dimensions much above this, and are thus expected to display a flux-closure configuration. What type of pattern is formed is revealed with magnetic microscopy. We imaged the dots in the as-grown state with Lorentz and Magnetic Force Microscopy (FIG. 3) . Whereas elongated dots of sufficient lateral size and thickness break into mainly two domains separated by a Bloch domain wall [24] , here the contrast has a higher symmetry.
Lorentz microscopy unambiguously reveals the existence of a magnetic vortex at the center of the dot. The bright (or dark) contrast in over (or under) focal settings results from the opposite sign of the Lorentz force on either side of the vortex. This contrast informs us about the in-plane circulation of the flux closure, however not about the polarity of the vortex, i.e. the sign of the vertical component of magnetization in its core. A strength of Lorentz microscopy is its high spatial resolution, which we used on such dots to investigate the dimensionality cross-over from a vortex to a Bloch wall [33] .
On the reverse, MFM is well suited to determine the polarity of the vortex. An up or down polarity is associated with opposite signs of the stray field above the dot, inducing a bright or dark monopolar contrast at the center of the dot (FIG. 3b) . The contrast outside the vortex core is related to small-angle Néel walls, which give rise to a dipolar contrast. The sense of this contrast provides information about the in-plane circulation of magnetization around the core. The two degrees of freedom, core polarity and in-plane circulation, are independent (FIG. 3b) . Those features are reproduced by micromagnetic simulations (FIG. 4) . In addition, in the experiments the MFM contrast is shifted towards darker values, due to the so-called susceptibility contrast resulting from the softness of sample and/or tip [49] .
Let us notice a finer point. As magnetization remains mainly in-plane at the perimeter, the occurrence of surface charges cannot be avoided on the facets around the tilted edges (FIG. 4b) . This gives rise to a sharp MFM contrast close to those edges. Due to the three-fold symmetry of the facets (inclination and difference of area on opposite sides), this contributes to the emergence of a three-fold symmetry of the contrast. While this is clear in the simulations, in the experiments it requires more attention due to the somewhat irregular shape. It is more marked for thicker dots as in FIG. 3b where dipolar effects are more important.
We finally report special cases of self-assembled Co(111) dots. A first case is that of dots grown under poor vacuum conditions, which we already mentioned are much flatter than those reported above (FIG. 5) . For these the MFM contrast is sharper as the stray field is shorter-ranged. Although the signal over noise ratio is degraded, this decreases the contrast arising from the Néel walls and thus makes the inspection of the vortex core much easier than for thicker dots. A second case is dots with an hcp structure. Both Lorentz and MFM revealed a small fraction of dots with a drastically different distribution of magnetization with abundance of a few percent (FIG. 5a-b ;e-f), be they grown under high or poor vacuum conditions. This pattern is typical for stripe-domain phases, as found in materials with a bulk magneto-crystalline contribution to perpendicular magnetic anisotropy [50] [51] [52] [53] . In the case of finite-size systems the stripes tend to follow the edges and form a ring structure [54] . This view of local perpendicular magnetization is confirmed by the MFM contrast being much larger on such dots than on in-plane flux-closure ones. This suggests that these dots are hcp Co with the c axis perpendicular to the supporting surface. AFM confirms this, as the facets of such dots show a six-fold symmetry with an inclination of ≈ 30
• , consistent with hcp{10−13} facets.
To conclude, we used pulsed laser deposition to synthesize submicrometer Co fcc single crystals supported on a W(110)/Sapphire surface. From the analysis of the geometry of the dots we deduced the ratios of surface and interface energies of fcc Co. {111} surfaces have an energy more than ten percents higher than {100} ones, resulting from the magnetic anomaly in surface energy. These dots form a flux-closure vortex state with an inplane circulation of magnetization, suitable for studying vortex physics in a model system with no crystalline defects nor surface roughness. 
Alternatively and of interest in the present case, the determination of surface/interface energies from geometrical ratios of the crystal: 
